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Simple Summary: The prognosis for advanced Extramammary Paget’s disease (EMPD) is almost
always poor. HER2-targeted antibody-drug conjugates (ADCs) such as trastuzumab emtansine
and trastuzumab deruxtecan have proven to be effective against HER2-positive breast cancers;
however, no studies have addressed HER2-targeted ADCs as treatments for EMPD. We examine the
efficacy of ADCs against an EMPD patient-derived xenograft (PDX) model harboring pathogenic
ERBB2 mutations. Treatment with trastuzumab emtansine or trastuzumab deruxtecan was found to
significantly regress EMPD-PDX tumors in only seven days, with no recurrence observed for 10 weeks.
Our results suggest that HER2-targeted ADCs could be novel and promising treatment options for

patients with EMPD, especially in cases with the ERBB2-mutation or ERBB2-overexpression.
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genital region of older adults. The prognosis for advanced EMPD is almost always poor; thus, novel
therapeutic strategies need to be developed. HER2-targeted antibody-drug conjugates (ADCs) such
as trastuzumab emtansine and trastuzumab deruxtecan have proven effective against HER2-positive
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breast cancers; however, no studies have addressed HER2-targeted ADCs as treatments for EMPD.
We examine the efficacy of ADCs against an EMPD patient-derived xenograft (PDX) model harboring
pathogenic ERBB2 mutations and investigate the expression levels of HER2 using EMPD clinical
samples. Trastuzumab emtansine or trastuzumab deruxtecan was administered intravenously to
tumor-bearing NOD/Scid mice. Treatment with trastuzumab emtansine or trastuzumab deruxtecan

doi.org/10.3390/ cancers14143519 was found to significantly regress EMPD-PDX tumors in only seven days, with no recurrence observed

A I for 10 weeks. EMPD tumors extracted 48 h after drug administration revealed the TUNEL-positive
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ratio to be significantly higher for the HER2-targeted ADC-treated tumors than for the control tumors.
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EMPD patients’ clinical samples revealed a significant correlation between HER2 positivity and
invasion, suggesting that HER?2 status is associated with tumor progression. Our results suggest
that HER2-targeted ADCs could be novel and promising treatment options for patients with EMPD,
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derived xenograft

1. Introduction

Extramammary Paget’s disease (EMPD) is a rare cutaneous adenocarcinoma that is
commonly seen in the genital epithelia of older adults [1]. Most EMPD cases are diagnosed
as carcinoma in situ; thus, the prognosis is relatively favorable with surgical resection. How-
ever, once metastasis occurs, the prognosis becomes poorer. A multi-center retrospective
study revealed the 5-year survival rate for EMPD patients with distant metastasis to be only
40/). 7% [2]. Although several chemical regimens such as docetaxel monotherapy and low-dose
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5-fluorouracil/ cisplatin therapy have been proposed for the treatment of advanced EMPD,
their efficacy has proven limited [3]. Therefore, novel therapies for advanced EMPD need
to be developed.

Human epidermal growth factor receptor 2 (HER2) is a 185-kDa receptor tyrosine
kinase encoded by the ERBB2 gene on chromosome 17q12. Upon ligand binding, HER2
activates downstream signaling cascades, such as the PI3K and MAPK pathways. ERBB2
amplification causes HER2 overexpression, resulting in ligand-independent homo- or
heterodimerization and abnormal downstream signaling activation [4]. Approximately
15-25% of breast cancers have been reported to be HER2-positive and correlate with more
aggressive features [5,6]. Reportedly, the positive expression of HER2 has been observed in
15-60% of EMPD cases [7,8]. Given EMPD’s biological resemblance to breast cancers [3,7,8],
HER?2 is recognized as a crucial therapeutic target in HER2-positive EMPD patients.

Antibody—-drug conjugates (ADCs) are monoclonal antibodies connected to cytotoxic
agents. They make use of antibodies that are specific to tumor cell-surface transmembrane
proteins; thus, they have tumor specificity and potency while minimizing toxicity in normal
tissue. The mechanism of ADCs involves the recognition and connection of the monoclonal
antibody backbone to the extracellular domain of cancer-specific membrane proteins, the
internalization of the ADC-antigen complex via receptor-mediated endocytosis, and the in-
tracellular release of the cytotoxic payload that induces cell death [9]. Two ADCs have been
approved as treatments for HER2-positive breast cancer: trastuzumab emtansine (T-DM1)
and trastuzumab deruxtecan (T-DXd) [10]. T-DM1 has the HER2-targeted antitumor prop-
erties of trastuzumab conjugated with the cytotoxic activity of the microtubule-inhibitory
agent DM1 [10]. T-DXd is an ADC of trastuzumab and a cytotoxic agent exatecan derivative
that is a topoisomerase I inhibitor [11]. ADCs provide a wider selection of therapeutic
options and greater efficacy of chemotherapy in breast cancer [12]. Concerning anti-HER2
treatments for EMPD, Vornicova et al. reported the HER2-targeted drug lapatinib to be
effective against HER2-positive EMPD [13]. Further, several case reports have shown the
HER2-targeted antibody trastuzumab alone or with cytotoxic chemotherapies to be effective
against metastatic or advanced EMPD in ERBB2-mutant or HER2/ ERBB2-overexpressed
cases (Supplemental Table S1) [14-30]. Notably, Nordmann et al. reported an EMPD tumor
harboring the ERBB2 5310F mutation that was sensitive to anti-HER2 treatment, with the
patient achieving a near-complete response by a combination treatment of trastuzumab
and carboplatin [24]. Concerning anti-HER2 ADC, there has been only one case report in
which the patient was treated with T-DM1 and complete remission was achieved [21]. For
the preclinical models, we established an EMPD patient-derived xenograft (PDX) model
harboring a pathogenic ERBB2 S310F mutation against which anti-HER2 therapy and cyto-
toxic agents are effective [31]. Furthermore, in several other cancers, including lung cancer
and colon cancers, HER2-targeted ADCs have proven effective in treating PDX models
harboring pathogenic ERBB2 mutations [32-34]. Based on the clinical and experimental
results, we hypothesized that HER2-targeted ADCs could be effective treatments for EMPD.
We investigated the efficacy of HER2-targeted ADCs in treating an EMPD-PDX model and
assessed the protein expression of HER2 using EMPD clinical samples.

2. Materials and Methods
2.1. Reagents and Antibodies

Antibodies against HER2 were purchased from Dako (Code A0485, Hovedstaden, Den-
mark), and those against Ki-67 were purchased from Abcam (#ab8191, Boston, MA, USA).
The T-DM1 (Kadcyla®) was purchased from Chugai Pharmaceutical/Roche (Tokyo, Japan).
The T-DXd (Enhertu®) was purchased from Daiichi-Sankyo/AstraZeneca (Tokyo, Japan).

2.2. EMPD Patient-Derived Xenografts

We previously established PDXs from an EMPD tumor sample using Matrigel (BD
Biosciences; Franklin Lakes, NJ, USA; EMPD-PDX-H1) [31]. Briefly, we transplanted tumor
tissue from metastatic lymph nodes into immunodeficient NOD/Scid mice. The EMPD-
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PDX-H1 model showed similar morphology and protein expression to those of the patient’s
primary tumor and metastatic lymph nodes [31]. All animal experiments were approved by
the Institutional Animal Care and Use Committee of Hokkaido University (approval num-
ber 22-0034). NOD/Scid mice were purchased from Clea Japan. All animals used for the
present study were maintained under pathogen-free conditions. The tumor-transplanted
mice were observed twice a week, and the tumor volumes were measured twice a week by
a caliper. Tumor volume was calculated using the following formula: (long axis x short
axis?)/2 [35]. Once the tumor volume reached 500-1000 mm?, the EMPD-PDX-H1 tumor
was passage into the next generation of NOD/Scid mice by subcutaneous transplantation.

2.3. Treatment Experiments Using HER2 Inhibitors and HER2-Targeted ADCs

Tumor growth curves for all of the EMPD-PDX-H1 tumors were generated using
kinetic measurements of tumor volume. The NOD/Scid mice bearing the PDX tumors (vol-
ume range: 50-100 mm?) were randomized into three groups, and treatment experiments
were performed. The control mice were intravenously administered 100 uL PBS once a
week (n = 4). For the HER2-targeted ADC treatments, T-DM1 (15 mg/kg) was administered
intravenously once a week for two weeks (n = 4), or T-DXd (10 mg/kg) was administered
intravenously once (n = 4), based on a previous study (Figure 1) [36]. Furthermore, to assess
cell death in the tumors, we prepared 3 more NOD/Scid mice bearing the PDX tumors.
They were sacrificed 48 h after the intravenous administration of PBS, T-DM1 (15 mg/kg),
or T-DXd (10 mg/kg). We assessed the extracted tumors by Ki-67 staining and TUNEL
assay as described in 2.4 and 2.5.

transplantation 4 Control (normal saline) F

PDX stabilization
(2-3 weeks)

° trastuzumab emtansine -
(15 mg/kg, once a week for two weeks)

trastuzumab deruxtecan
(10 mg/kg, once)

harbsﬂ:c;:g;cr;uw NOD-Scid mice (5w) Observation for 10 weeks
Figure 1. Schematic of treatment experiments with HER2-targeted ADCs using extramammary
Paget’s disease patient-derived xenograft (EMPD-PDX) model mice. Tumor-bearing NOD/Scid
mice were randomized into three groups. In the HER2-targeted treatments, trastuzumab emtansine
(15 mg/kg) was administered intravenously once a week for two weeks, or trastuzumab deruxtecan
(10 mg/kg) was administered intravenously once (n = 4, each group).

2.4. Histopathological Analyses

Histopathologically, in situ EMPD is defined as a malignant neoplasm confined to
the squamous epithelium and adnexal tissues without invasion of the underlying tis-
sues [37]. The degree of histological invasion is categorized as in situ/microinvasive
(showing invasion until the papillary dermis) or invasive (showing invasion of the deep
dermis) [38]. Inmunohistochemical analyses were performed on 4 um thick formalin-fixed,
paraffin-embedded sections. Immunostaining was evaluated by the same observer. The
expression levels of HER2 protein were evaluated in accordance with the US Food and
Drug Administration-approved scoring guideline for breast carcinomas, i.e., the HercepTest
scoring guideline: 0 for no staining or only membrane staining in <10% of the cells; 1+
for faint or barely perceptible staining of the incomplete cell membrane in >10% of the
cells; 2+ for weak to moderate staining of the complete cell membrane in >10% of the cells;
and 3+ for intense staining of the complete circumferential membrane in >10% of the cells.
Overexpression was evaluated as positive for scores of 2+ or 3+ and as negative for scores
of 0 or 1+ (Supplemental Figure S1) [39]. For nuclear Ki-67 expression, the percentage of
positive cells among 100 cancer cells from three randomly selected fields of vision observed
using a high-power lens was calculated.
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2.5. TUNEL Assays

Cell death was assessed using the TUNEL (TdT-mediated dUTP nick end labeling)
method and an In Situ Cell Death Detection Kit (Roche, #11684817910) following the
manufacturer’s instructions. For the TUNEL staining of nuclei, the percentage of positive
cells among at least 100 cancer cells from three randomly selected fields of vision observed
using a high-power lens (x400) was calculated.

2.6. Patient Selection

Tumor samples from seventy-nine patients with EMPD were immunohistochemically
assessed. All of the patients had been diagnosed and treated at the Department of Derma-
tology, Hokkaido University Hospital. The EMPD samples were obtained from patients
whose ages ranged from 46 to 94 years (average, 74.59 years; male—female ratio, 44: 35).
This research was approved by the institutional review board of Hokkaido University
Hospital (#021-0220). The initial clinical stage and observation duration were retrieved
from clinical data. The TNM stage was defined in accordance with the EMPD staging
system proposed by Ohara et al. [2]. Primary tumors of greater than 4 mm in thickness
or with lymphovascular invasion were defined as T2, and primary tumors that did not
meet these criteria were defined as T1. The patients were classified into four stages: distant
metastasis as stage IV, lymph node (LN) metastasis as stage III, advanced primary tumor
as stage II, and early primary tumor as stage I [2].

2.7. Statistical Analyses

Quantitative data are described as mean =+ standard deviation (SD). All statistical
analyses were performed using Excel 2016 (Microsoft Corporation) and the Excel add-in
software Statcel (OMS Ltd., Tokyo, Japan). The Student’s t-test was used to evaluate tumor
volumes between the treatment groups and the control group. At least three indepen-
dent experiments were carried out for statistical comparison. We used the Fisher’s exact
probability test to assess pairwise comparisons among groups. Kaplan—Meier survival
curves were calculated for the two or four groups (HER2-positive or -negative), and the
log-rank test was used to compare disease-specific survival. P values of less than 0.05 were
considered significant.

3. Results
3.1. HER-2-Targeted ADCs Regress the Tumor Growth of EMPD-PDXs

Previously, our group investigated the protein expression levels of HER2 in PDX tumor
cells (EMPD-PDX-H1) [31]. Tumor cells in the EMPD-PDXs scored 1+ for HER2. Targeted
gene mutation analysis using a comprehensive cancer panel (Qiagen) revealed pathogenic
genomic DNA alterations in ERBB2 (c.929C > T, p.5310F) in EMPD-PDXs [31]. Based on
the gene mutation analysis, we conducted a therapeutic examination using HER2-targeted
ADCs to examine whether EMPD-PDX-H1 harboring the pathogenic ERBB2 mutation
responds to such therapies. We administered intravenous injections of T-DM1 (15 mg/kg)
once a week for two weeks or of T-DXd (10 mg/kg) once. The HER2-targeted ADCs
(T-DM1 and T-DXd) were found to regress EMPD-PDX tumors remarkably in only seven
days (Figure 2). At 14 days after the initial injections, the subcutaneous tumors were not
palpable, suggesting that the PDX tumors had been eradicated. Further, we observed no
recurrence of PDX-tumors for 10 weeks with either therapeutic. To examine the status
of the treated cells, we extracted tumors 48 h after the intravenous administration of the
drugs. The positive ratio of TUNEL staining was remarkably higher for the HER2-targeted
ADC-treated EMPD-PDX-H1 tumors than for the untreated control tumors (Figure 3).
Additionally, the extracted tumors revealed the ratio of Ki-67-positive cells to be lower
in the HER2-targeted ADC-treated cells than in the control tumor cells (Figure 4). These
histopathological results indicate that the HER2-targeted ADCs are highly effective and are
able to kill EMPD cells promptly. The present results are consistent with a previous study
using PDX tumors harboring pathogenic ERBB2 mutations in other cancers [36].
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Figure 2. HER2-targeted ADCs suppress tumor growth in extramammary Paget’s disease patient-
derived xenografts. Tumor-bearing NOD/Scid mice were randomized into three groups: no therapy
(control, black line), trastuzumab emtansine (blue line), and trastuzumab deruxtecan (orange line).
Tumor volume was calculated using the following formula: (long axis x short axis?)/2. The data
are presented as means, with error bars representing the SD from the mean. The blue or orange
arrowheads indicate the injection of trastuzumab emtansine or trastuzumab deruxtecan, respectively.
**p <0.01 vs. control.
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Figure 3. The positive ratio of TUNEL staining is markedly higher in the EMPD-PDX-H1 tumors
treated with HER2-targeted ADC than in the untreated control tumors. EMPD tumors were treated
with HER2-targeted ADCs (trastuzumab emtansine or trastuzumab deruxtecan). After 48 h, the
tumors were extracted and were assessed by TUNEL staining. Upper: Representative images of
TUNEL staining (scale bar = 100 um). Lower: The ratio of TUNEL-positive cells was examined
(columns, mean percentage of TUNEL-positive cells, n = 3, determinations based on examination of
100 tumor cells; bars, SD). ** p < 0.01, *** p < 0.001; compared to control tumors, by f-test.
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Figure 4. The ratio of Ki-67-positive cells is lower in the HER2-targeted ADC-treated cells than
in the control tumor cells. EMPD tumors were treated with HER2-targeted ADCs (trastuzumab
emtansine or trastuzumab deruxtecan). After 48 h, the tumors were extracted and were assessed
by Ki-67 staining. Upper: Representative images of Ki-67 staining (scale bar = 100 pm).Lower: The
ratio of Ki-67-positive cells was examined (columns, mean percentage of Ki-67-positive cells, n = 3,
determinations based on examination of 100 tumor cells; bars, SD). ** p < 0.01; compared to control
tumors, by t-test.

3.2. HER2 Expression Correlates with Invasion and Disease-Specific Survival

Next, we immunohistochemically examined the expression levels of HER2 in EMPD
clinical specimens. We assessed 79 specimens of primary EMPD skin lesions. The clin-
ical information is summarized in Table 1. Of the specimens of in situ/microinvasive
EMPD (50 cases), positive HER2 immunostaining was observed in 12 cases (24%: 3+ for
3 cases, 2+ for 9 cases). Of the specimens of invasive EMPD (29 cases), positive HER2
immunostaining was observed in 16 cases (55%: 3 + for 7 cases, 2 + for 9 cases) (Figure 5).
Thus, there was a significant correlation between positive HER2 immunostaining and
the presence of invasive lesions (p < 0.01). Our study included six cases of EMPD with
lymph node metastasis; thus, we assessed the HER2 expression of six specimens of lymph
node metastasis. In three out of six such cases (50%), the expression levels of HER2 in
the lymph node metastases were lower than those in the corresponding primary tumors
(Supplemental Figure S2). Additionally, no significant correlation was found between the
HER? status of the primary skin lesions and lymph node metastasis (p = 0.44, Table 1).
We also investigated the correlations between HER2 expression and disease-specific sur-
vival. The disease-specific survival was significantly worse for cases with positive HER2
immunostaining (28 cases) than for cases with negative HER2 immunostaining (51 cases)
(p = 0.045, Figure 6). These results are consistent with a previous study by Tsutsumida
et al. [38], in which the 5-year survival rate was significantly worse in cases with invasive
EMPD than in cases with in situ/microinvasive EMPD. Further, we assessed the prognosis
(disease-specific survival) based on HER2 status as well as EMPD pathology. The pa-
tients were divided into four groups: 1: microinvasive/invasive cases with positive HER2
immunostaining (N = 19), 2: in situ cases with positive HER2 immunostaining (N = 9),
3: microinvasive/invasive cases with negative HER2 immunostaining (N = 26), and 4: in
situ cases with negative HER2 immunostaining (N = 25). The disease-specific survival was
significantly worse for microinvasive/invasive cases with positive HER2 immunostaining
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(19 cases) than for in situ cases with negative HER2 immunostaining (25 cases) as well as
for microinvasive/invasive cases with negative HER2 immunostaining (26 cases) (p = 0.04,
p = 0.021, respectively, Supplemental Figure S3). The disease-specific survival was worse
for microinvasive/invasive cases with positive HER2 immunostaining than for in situ
cases with positive HER2 immunostaining; however, the difference was not significant
(p = 0.07). Concerning the clinical stages and HER? status, HER2 expression was higher in
progressive clinical stages than in early clinical stages; however, the correlation was not
significant (Table 1).

Table 1. Clinical summary of the 79 EMPD patients.

Total HER2- HER2- Value
Number Negative Positive P
Cases 79 51 28
Range 46-94
Age (Mean) 7459
s Male 44 (55.7%) 27 17 033
X Female 35 (44.3%) 24 11 :
Genital/anal 74 46 28
Primary site Axillary 4 4 0 0.17
Inguinal 1 1 0
In situ 34 (43.1%) 25 9
I 5 (6.3%) 4 1
Clinical stage I 31 (39.2%) 18 13 0.07
I 6 (7.6%) 3 3
Y 3 (3.8%) 1 2
In situ 34 (43.1%) 25 9
EMPD pathology =~ Microinvasive 16 (20.2%) 13 3 0.006
Invasive 29 (36.7%) 13 16
Lymph node + 6 (7.60/0) 3 3 0.44
metastasis - 73 (92.4%) 48 25 :
Alive 70 (88.6%) 49 21
Outcome Dead 9 (11.4%) 2 7 0.008

C HER2 expression
Pathology of EMPD negative positive p Values
In situ/microinvasion 38 12
Invasion 13 16 P<0.01

Figure 5. There is a significant correlation between positive HER2 immunostaining and the presence
of invasive lesions. (A,B) Representative images of immunohistochemical staining for HER2; (A) in
situ extramammary Paget’s disease (EMPD); (B) invasive EMPD. (C) The 79 cases were classified as
HER2-negative or HER2-positive. HER2-negative is significantly more common in situ/microinvasive
EMPD tumors than in invasive EMPD (p < 0.01, Fisher’s exact probability test).
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Figure 6. A significant correlation is observed between HER2-positive immunostaining and disease-
specific survival. Kaplan-Meier curves to determine disease-specific survival for extramammary
Paget’s disease patients are shown (blue: HER2-negative group (N = 51), orange: HER2-positive
group (N = 28)) (p = 0.045, log-rank test).

4. Discussion

In the present study, treatments with trastuzumab emtansine (T-DM1) or trastuzumab
deruxtecan (T-DXd) significantly regressed tumors in EMPD patient-derived xenografts
(PDXs) harboring the pathogenic ERBB2 mutation. Two HER2-targeted ADCs—T-DM1
and T-DXd—were found to eradicate EMPD tumors in two weeks (Figure 2), in contrast to
trastuzumab monotherapy, which is found to only suppress tumor growth [31]. Further,
we observed no recurrence of PDX-tumors for 10 weeks following the HER2-targeted ADC
therapies. These results suggest that the HER2-targeted ADC therapeutics are more potent
against EMPD than trastuzumab monotherapy is.

More than 15 case reports have addressed HER2-targeted therapies against EMPD [14-30].
Most of the cases are EMPD with HER2 overexpression evaluated by IHC. Previously, our
group established an EMPD-PDX model harboring the ERBB2 S310F mutation without
obvious HER2 protein overexpression [31]. This mutation has been described as an extracel-
lular domain mutation of HER2, and it is the most common pathogenic mutation of ERBB2.
ERBB2 S310F mutations have been speculated to result in HER2 activation via elevated
C-terminal tail phosphorylation or via covalent dimerization mediated by intermolecular
disulfide bond formation [32]. A number of proteins regulating cytoskeletal dynamics
and cell motility were found to be prominently hyperphosphorylated in ERBB2 S310F-
expressing cells. Previous studies reported that the clinical efficacy of HER2-targeted ADCs
in lung cancers depends on ERBB2 mutations or amplification and not on the quantity of
HER? protein expression [36,40]. These studies suggest that HER2 receptor hyperactivation
through gene mutation or amplification, rather than its overexpression, is a key mechanism
underlying the internalization of the receptor—ADC complex and the consequent efficacy of
ADCs. Two studies have addressed the ERBB2 S310F mutation in EMPD, and they indicate
that 12.5% of EMPD cases harbor the ERBB2 S310F mutation [41]. In the future, if any clini-
cal evidence is obtained for the efficacy of HER2-targeted ADCs against advanced EMPD
with the ERBB2 S310F mutation, then ERBB2 gene mutation analysis (especially of the S310F
mutation) should be evaluated in advanced EMPD to explore optimal treatment selection.

In several previous studies on HER?2 positivity in EMPD, the overexpression of HER2
was found to correlate with the disease progression of EMPD [8]. The present study also
shows the positive expression of HER2 to be significantly more frequent in patients with
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invasive EMPD than in those with in situ/microinvasive EMPD, which suggests that HER2-
positive tumor cells have increased invasive potential. Thus, the ratio of HER2-positive
cases could be higher in advanced EMPD cases than in other EMPD cases. On the other
hand, several studies found no significant correlation between HER2 status and Ki-67
immunoreactivity [42,43]. Another observation of this study is that the expression of HER2
could be down-regulated in metastatic lymph nodes compared to that expression in the
corresponding primary skin tumors. These results are consistent with a previous study by
Tanaka et al. [44], who speculated that the heterogeneity of EMPD tumors was one reason
for the discrepancy in HER2 expression.

In addition to the small sample size, a limitation of our research is that we have
established only one EMPD-PDX model [31]. In the future, we will need to establish other
EMPD-PDX models and EMPD cell cultures to confirm the present results.

5. Conclusions

Our results revealed in vivo tumor regression through HER2-targeted ADCs in EMPD-
PDX models. HER2-targeted ADCs could be effective treatments for ERBB2-mutated EMPD
tumors and possibly also for HER2-overexpressed cases.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers14143519/s1, Figure S1: Representative images of HER2
immunostaining; Figure S2: Levels of HER2 expression in lymph node metastases are not identical
to those in the corre-sponding primary skin tumors; Figure S3: A significant correlation is observed
between HER2-positive immunostaining and disease-specific survival. Table S1: EMPD Cases treated
with HER2-targeted therapies.
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Abbreviation
ADC antibody-drug conjugate
EMPD extramammary Paget’s disease
HER2 human epidermal growth factor receptor 2
IHC immunohistochemistry
LN lymph node
PDX patient-derived xenograft
T-DM1 trastuzumab emtansine
T-DXd trastuzumab deruxtecan

TUNEL TdT-mediated dUTP nick end labeling


https://www.mdpi.com/article/10.3390/cancers14143519/s1
https://www.mdpi.com/article/10.3390/cancers14143519/s1

Cancers 2022, 14, 3519 10 of 11

References

1.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ghazawi, EM.; Iga, N.; Tanaka, R.; Fujisawa, Y.; Yoshino, K.; Yamashita, C.; Yamamoto, Y.; Fujimura, T.; Yanagi, T.; Hata, H.; et al.
Demographic and clinical characteristics of extramammary Paget’s disease patients in Japan from 2000 to 2019. . Eur. Acad.
Dermatol. Venereol. 2021, 35, 133-135. [CrossRef] [PubMed]

Ohara, K.; Fujisawa, Y.; Yoshino, K.; Kiyohara, Y.; Kadono, T.; Murata, Y.; Uhara, H.; Hatta, N.; Uchi, H.; Matsushita, S.; et al.
A proposal for a TNM staging system for extramammary Paget disease: Retrospective analysis of 301 patients with invasive
primary tumors. J. Dermatol. Sci. 2016, 83, 234-239. [CrossRef] [PubMed]

Ishizuki, S.; Nakamura, Y. Extramammary Paget’s Disease: Diagnosis, Pathogenesis, and Treatment with Focus on Recent
Developments. Curr. Oncol. 2021, 28, 2969-2986. [CrossRef]

Cho, H.-S.; Mason, K.; Ramyar, K.X; Stanley, A.M.; Gabelli, S.B.; Denney, D.W., Jr.; Leahy, D.J. Structure of the extracellular region
of HER?2 alone and in complex with the Herceptin Fab. Nature 2003, 421, 756-760. [CrossRef]

Slamon, D.J.; Clark, G.M.; Wong, S.G.; Levin, W.J.; Ullrich, A.; McGuire, W.L. Human breast cancer: Correlation of relapse and
survival with amplification of the HER-2/neu oncogene. Science 1987, 235, 177-182. [CrossRef]

Piccart-Gebhart, M.J.; Procter, M.; Leyland-Jones, B.; Goldhirsch, A.; Untch, M.; Smith, I; Gianni, L.; Baselga, J.; Bell,
R.H.; Jackisch, C.; et al. Trastuzumab after Adjuvant Chemotherapy in HER2-Positive Breast Cancer. N. Engl. ]. Med. 2005,
353, 1659-1672. [CrossRef]

Plaza, J.A.; Torres-Cabala, C.; Ivan, D.; Prieto, V.G. HER-2/neu expression in extramammary Paget disease: A clinicopathologic
and immunohistochemistry study of 47 cases with and without underlying malignancy. J. Cutan. Pathol. 2009, 36, 729-733.
[CrossRef]

Masuguchi, S.; Jinnin, M.; Fukushima, S.; Makino, T.; Sakai, K.; Inoue, Y.; Igata, T.; Ihn, H. The expression of HER-2 in
extramammary Paget’s disease. Biosci. Trends 2011, 5, 151-155. [CrossRef]

Thomas, A.; Teicher, B.A.; Hassan, R. Antibody—drug conjugates for cancer therapy. Lancet Oncol. 2016, 17, €254—262. [CrossRef]
Von Minckwitz, G.; Huang, C.-S.; Mano, M.S.; Loibl, S.; Mamounas, E.P.; Untch, M.; Wolmark, N.; Rastogi, P.; Schneeweiss, A.;
Redondo, A; et al. Trastuzumab Emtansine for Residual Invasive HER2-Positive Breast Cancer. N. Engl. ]. Med. 2019, 380, 617-628.
[CrossRef] [PubMed]

Nakada, T.; Masuda, T.; Naito, H.; Yoshida, M.; Ashida, S.; Morita, K.; Miyazaki, H.; Kasuya, Y.; Ogitani, Y.; Yamaguchi, J.; et al.
Novel antibody drug conjugates containing exatecan derivative-based cytotoxic payloads. Bioorg. Med. Chem. Lett. 2016,
26, 1542-1545. [CrossRef] [PubMed]

Verma, S.; Miles, D.; Gianni, L.; Krop, LE.; Welslau, M.; Baselga, ]J.; Pegram, M.; Oh, D.-Y.; Diéras, V.; Guardino, E.; et al.
Trastuzumab Emtansine for HER2-Positive Advanced Breast Cancer. N. Engl. . Med. 2012, 367, 1783-1791. [CrossRef] [PubMed]
Vornicova, O.; Hershkovitz, D.; Yablonski-Peretz, T.; Ben-Itzhak, O.; Keidar, Z.; Bar-Sela, G. Treatment of meta-static extramam-
mary Paget’s disease associated with adnexal adenocarcinoma, with anti-HER2 drugs based on genomic alteration ERBB2 S310F.
Oncologist 2014, 19, 1006-1007. [CrossRef] [PubMed]

Karam, A ; Berek, J.S.; Stenson, A.; Rao, J.; Dorigo, O. HER-2/neu targeting for recurrent vulvar Paget’s disease: A case report
and literature review. Gynecol. Oncol. 2008, 111, 568-571. [CrossRef]

Takahagi, S.; Noda, H.; Kamegashira, A.; Madokoro, N.; Hori, I.; Shindo, H.; Mihara, S.; Hide, M. Metastatic extramammary
Paget’s disease treated with paclitaxel and trastuzumab combination chemotherapy. J. Dermatol. 2009, 36, 457-461. [CrossRef]
Hanawa, F,; Inozume, T.; Harada, K.; Kawamura, T.; Shibagaki, N.; Shimada, S. A Case of Metastatic Extramammary Paget’s
Disease Responding to Trastuzumab plus Paclitaxel Combination Therapy. Case Rep. Dermatol. 2011, 3, 223-227. [CrossRef]
Wakabayashi, S.; Togawa, Y.; Yoneyama, K.; Suehiro, K.; Kambe, N.; Matsue, H. Dramatic Clinical Response of Relapsed
Metastatic Extramammary Paget’s Disease to Trastuzumab Monotherapy. Case Rep. Dermatol. Med. 2012, 2012, 401362. [CrossRef]
Yoshimura, N.; Arihiro, K.; Takahagi, S.; Hide, M. An autopsy case of metastatic extramammary Paget’s disease treated with
multimodality treatment including anti-HER?2 therapy: What is the clinical and pathological significance of trastuzumab to the
patient? Mod. Chemother. 2013, 2, 66-68. [CrossRef]

Barth, P.; Al-Saleem, E.D.; Edwards, K.W.; Millis, S.Z.; Wong, Y.-N.; Geynisman, D.M. Metastatic Extramammary Paget’s Disease
of Scrotum Responds Completely to Single Agent Trastuzumab in a Hemodialysis Patient: Case Report, Molecular Profiling and
Brief Review of the Literature. Case Rep. Oncol. Med. 2015, 2015, 895151. [CrossRef]

Yu, H.; Zhang, X,; Jin, W.; Zhu, H. Extramammary Paget’s disease in two brothers. Indian |. Dermatol. 2015, 60, 423. [CrossRef]
Shin, D.S.; Sherry, T.; Kallen, M.E.; Wong, S.; Drakaki, A. Human epidermal growth factor receptor 2 (HER-2/neu)-directed
therapy for rare metastatic epithelial tumors with HER 2 amplification. Case Rep. Oncol. 2016, 9, 298-304. [CrossRef] [PubMed]
Watanabe, S.; Takeda, M.; Takahama, T.; Iwasa, T.; Tsurutani, J.; Tanizaki, J.; Shimizu, T.; Sakai, K.; Wada, Y.; Isogai, N.; et al.
Successful human epidermal growth receptor 2-targeted therapy beyond disease progression for extramammary Paget’s disease.
Investig. New Drugs 2016, 34, 394-396. [CrossRef] [PubMed]

Ichiyama, T.; Gomi, D.; Fukushima, T.; Kobayashi, T.; Sekiguchi, N.; Sakamoto, A.; Sasaki, S.; Mamiya, K.; Koizumi, T.; Hama, Y.
Successful and long-term response to trastuzumab plus paclitaxel combination therapy in human epidermal growth factor
receptor 2-positive extramammary Paget’s disease: A case report and review of the literature. Mol. Clin. Oncol. 2017, 7, 763-766.
[CrossRef] [PubMed]


http://doi.org/10.1111/jdv.16868
http://www.ncbi.nlm.nih.gov/pubmed/32780877
http://doi.org/10.1016/j.jdermsci.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27329007
http://doi.org/10.3390/curroncol28040260
http://doi.org/10.1038/nature01392
http://doi.org/10.1126/science.3798106
http://doi.org/10.1056/NEJMoa052306
http://doi.org/10.1111/j.1600-0560.2008.01148.x
http://doi.org/10.5582/bst.2011.v5.4.151
http://doi.org/10.1016/S1470-2045(16)30030-4
http://doi.org/10.1056/NEJMoa1814017
http://www.ncbi.nlm.nih.gov/pubmed/30516102
http://doi.org/10.1016/j.bmcl.2016.02.020
http://www.ncbi.nlm.nih.gov/pubmed/26898815
http://doi.org/10.1056/NEJMoa1209124
http://www.ncbi.nlm.nih.gov/pubmed/23020162
http://doi.org/10.1634/theoncologist.2014-0054
http://www.ncbi.nlm.nih.gov/pubmed/25085898
http://doi.org/10.1016/j.ygyno.2007.12.014
http://doi.org/10.1111/j.1346-8138.2009.00676.x
http://doi.org/10.1159/000333002
http://doi.org/10.1155/2012/401362
http://doi.org/10.4236/mc.2013.24008
http://doi.org/10.1155/2015/895151
http://doi.org/10.4103/0019-5154.160541
http://doi.org/10.1159/000445827
http://www.ncbi.nlm.nih.gov/pubmed/27403128
http://doi.org/10.1007/s10637-016-0329-8
http://www.ncbi.nlm.nih.gov/pubmed/26856856
http://doi.org/10.3892/mco.2017.1422
http://www.ncbi.nlm.nih.gov/pubmed/29181166

Cancers 2022, 14, 3519 11 of 11

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Nordmann, T.M.; Messerli-Odermatt, O.; Meier, L.; Micaletto, S.; Coppetti, T.; Négeli, M.; Kamarachev, J.; Kudura, K,;
Freiberger, S.N.; Rordorf, T.; et al. Sequential somatic mutations upon secondary anti-HER?2 treatment resistance in metastatic
ERBB2S310F mutated extramammary Paget’s disease. Oncotarget 2019, 10, 6647—-6650. [CrossRef]

Lu, X.; Zhang, P; Zhu, Y.; Ye, D. Human epidermal growth factor receptor 2 amplification as a biomarker for treatment in patients
with lymph node-metastatic penoscrotal extramammary Paget’s disease. Oncol. Lett. 2019, 17, 2677-2686. [CrossRef]

Sekiguchi, N.; Kubota, S.; Noguchi, T.; Fukushima, T.; Kobayashi, T.; Kanda, S.; Koizumi, T.; Miyake, T.; Shirai, T.; Okuyama, R.
Experiences of trastuzumab plus paclitaxel combination therapy in metastatic human epidermal growth factor receptor 2-positive
extramammary Paget’s disease: Four cases and a review. |. Dermatol. 2020, 47, 1276-1279. [CrossRef]

Bartoletti, M.; Mazzeo, R.; De Scordilli, M.; Del Fabro, A.; Vitale, M.G.; Bortot, L.; Nicoloso, M.S.; Corsetti, S.; Bonotto, M.;
Scalone, S.; et al. Human epidermal growth factor receptor-2 (HER2) is a potential therapeutic target in extramammary Paget’s
disease of the vulva. Int. . Gynecol. Cancer 2020, 30, 1672-1677. [CrossRef]

Bruce, K.H.; Tran, A.-Q.M. Treatment of invasive Paget’s disease of the vulva in pregnancy: A case report. Gynecol. Oncol. Rep.
2020, 33, 100602. [CrossRef]

Guo, J.-J.; Jiao, X.-D.; Wu, Y; Qin, B.-D.; Liu, K.; Zang, Y.-S. Response to Pyrotinib in a Chinese Patient with Bone-Metastatic
Scrotal Paget’s Disease Harboring Triple Uncommon HER2 Mutation: A Case Report. Onco Targets Ther. 2020, 13, 6289-6293.
[CrossRef]

Fukuda, K.; Funakoshi, T. Metastatic Extramammary Paget’s Disease: Pathogenesis and Novel Therapeutic Approach. Front.
Oncol. 2018, 8, 38. [CrossRef]

Maeda, T.; Kitamura, S.; Nishihara, H.; Yanagi, T. Extramammary Paget’s disease patient-derived xenografts harboring ERBB2
S310F mutation show sensitivity to HER2-targeted therapies. Oncogene 2020, 39, 5867-5875. [CrossRef] [PubMed]

Greulich, H.; Kaplan, B.; Mertins, P.; Chen, T.-H.; Tanaka, K.E.; Yun, C.-H.; Zhang, X.; Lee, S.-H.; Cho, J.; Ambrogio, L.; et al.
Functional analysis of receptor tyrosine kinase mutations in lung cancer identifies oncogenic extracellular domain mutations of
ERBB2. Proc. Natl. Acad. Sci. USA 2012, 109, 14476-14481. [CrossRef] [PubMed]

Kavuri, S.M.; Jain, N.; Galimi, F.; Cottino, F,; Leto, S.M.; Migliardi, G.; Searleman, A.C.; Shen, W.; Monsey, J.; Trusolino, L.; et al.
HER?2 Activating Mutations Are Targets for Colorectal Cancer Treatment. Cancer Discov. 2015, 5, 832-841. [CrossRef]

Hyman, D.M.; Piha-Paul, S.A.; Won, H.; Rodon, J.; Saura, C.; Shapiro, G.I.; Juric, D.; Quinn, D.I.; Moreno, V.; Doger, B.; et al. HER
kinase inhibition in patients with HER2- and HER3-mutant cancers. Nature 2018, 554, 189-194. [CrossRef]

Kitamura, S.; Yanagi, T.; Maeda, T.; Ujiie, H. Cyclin-dependent kinase 4/6 inhibitors suppress tumor growth in extramammary
Paget’s disease. Cancer Sci. 2021, 113, 802-807. [CrossRef] [PubMed]

Li, B.T.; Michelini, F; Misale, S.; Cocco, E.; Baldino, L.; Cai, Y.; Shifman, S.; Tu, H.-Y.; Myers, M.L.; Xu, C.; et al. HER2-Mediated
Internalization of Cytotoxic Agents in ERBB2 Amplified or Mutant Lung Cancers. Cancer Discov. 2020, 10, 674—-687. [CrossRef]
[PubMed]

Wagner, G.; Sachse, M.M. Extramammary Paget disease-clinical appearance, pathogenesis, management. JDDG ]. Dtsch. Dermatol.
Ges. 2011, 9, 448-454. [CrossRef]

Tsutsumida, A.; Yamamoto, Y.; Minakawa, H.; Yoshida, T.; Kokubu, I.; Sugihara, T. Indications for Lymph Node Dissection in the
Treatment of Extramammary Paget’s Disease. Dermatol. Surg. 2003, 29, 21-24. [CrossRef]

Wolff, A.C.; Hammond, M.E.H.; Allison, K.H.; Harvey, B.E.; Mangu, P.B.; Bartlett, ]. M.S.; Bilous, M.; Ellis, I.O.; Fitzgibbons, P;
Hanna, W.; et al. Human Epidermal Growth Factor Receptor 2 Testing in Breast Cancer: American Society of Clinical On-
cology/College of American Pathologists Clinical Practice Guideline Focused Update. ]. Clin. Oncol. 2018, 36, 2105-2122.
[CrossRef]

Li, B.T; Shen, R.; Buonocore, D.; Olah, Z.T.; Ni, A.; Ginsberg, M.S.; Ulaner, G.A; Offin, M.; Feldman, D.; Hembrough, T.; et al.
Ado-Trastuzumab Emtansine for Patients with HER2-Mutant Lung Cancers: Results From a Phase II Basket Trial. J. Clin. Oncol.
2018, 36, 2532-2537. [CrossRef]

Ishida, Y.; Kakiuchi, N.; Yoshida, K.; Inoue, Y.; Irie, H.; Kataoka, T.R.; Hirata, M.; Funakoshi, T.; Matsushita, S.; Hata, H.; et al.
Unbiased Detection of Driver Mutations in Extramammary Paget Disease. Clin. Cancer Res. 2021, 27, 1756-1765. [CrossRef]
[PubMed]

Aoyagi, S.; Akiyama, M.; Shimizu, H. High expression of Ki-67 and cyclin D1 in invasive extramammary Paget’s disease. |
Dermatol. Sci. 2008, 50, 177-184. [CrossRef] [PubMed]

Ogawa, T.; Nagashima, Y.; Wada, H.; Akimoto, K.; Chiba, Y.; Nagatani, T.; Inayama, Y.; Yao, M.; Aoki, I.; Ikezawa, Z. Extramam-
mary Paget’s disease: Analysis of growth signal pathway from the human epidermal growth factor receptor 2 protein. Hum.
Pathol. 2005, 36, 1273-1280. [CrossRef] [PubMed]

Tanaka, R.; Sasajima, Y.; Tsuda, H.; Namikawa, K.; Takahashi, A.; Tsutsumida, A.; Fujisawa, Y.; Fujimoto, M.; Yamazaki, N. Con-
cordance of the HER2 protein and gene status between primary and corresponding lymph node metastatic sites of extramammary
Paget disease. Clin. Exp. Metastasis 2016, 33, 687-697. [CrossRef] [PubMed]


http://doi.org/10.18632/oncotarget.27272
http://doi.org/10.3892/ol.2019.9930
http://doi.org/10.1111/1346-8138.15515
http://doi.org/10.1136/ijgc-2020-001771
http://doi.org/10.1016/j.gore.2020.100602
http://doi.org/10.2147/OTT.S244814
http://doi.org/10.3389/fonc.2018.00038
http://doi.org/10.1038/s41388-020-01404-x
http://www.ncbi.nlm.nih.gov/pubmed/32724160
http://doi.org/10.1073/pnas.1203201109
http://www.ncbi.nlm.nih.gov/pubmed/22908275
http://doi.org/10.1158/2159-8290.CD-14-1211
http://doi.org/10.1038/nature25475
http://doi.org/10.1111/cas.15234
http://www.ncbi.nlm.nih.gov/pubmed/34866279
http://doi.org/10.1158/2159-8290.CD-20-0215
http://www.ncbi.nlm.nih.gov/pubmed/32213539
http://doi.org/10.1111/j.1610-0387.2010.07581.x
http://doi.org/10.1046/j.1524-4725.2003.29001.x
http://doi.org/10.1200/JCO.2018.77.8738
http://doi.org/10.1200/JCO.2018.77.9777
http://doi.org/10.1158/1078-0432.CCR-20-3205
http://www.ncbi.nlm.nih.gov/pubmed/33323405
http://doi.org/10.1016/j.jdermsci.2007.12.002
http://www.ncbi.nlm.nih.gov/pubmed/18248961
http://doi.org/10.1016/j.humpath.2005.09.009
http://www.ncbi.nlm.nih.gov/pubmed/16311120
http://doi.org/10.1007/s10585-016-9804-z
http://www.ncbi.nlm.nih.gov/pubmed/27289366

	Introduction 
	Materials and Methods 
	Reagents and Antibodies 
	EMPD Patient-Derived Xenografts 
	Treatment Experiments Using HER2 Inhibitors and HER2-Targeted ADCs 
	Histopathological Analyses 
	TUNEL Assays 
	Patient Selection 
	Statistical Analyses 

	Results 
	HER-2-Targeted ADCs Regress the Tumor Growth of EMPD-PDXs 
	HER2 Expression Correlates with Invasion and Disease-Specific Survival 

	Discussion 
	Conclusions 
	References

